Background: Members of the transforming growth factor beta (TGF-β) family are secreted proteins that regulate skeletal development. TGF-β signaling is critical in embryonic development of the annulus fibrosus (AF) of the intervertebral disc (IVD). To address the question of the role of TGF-β signaling in postnatal development and maintenance of the skeleton, we generated mice in which Tgfbr2 was deleted at 2-weeks of age in Aggrecan (Acan)-expressing cells using inducible Cre/LoxP recombination.
β. [4] [5] [6] The current accepted model is that, initially, the ligand binds to Tgfbr2 at the cell surface. 7 The Tgfbr2 recruits Tgfbr1 to form a heterotetrameric complex with one additional Tgfbr1 and Tgfbr2. 7 The Tgfbr2 is a constitutively active kinase and it phosphorylates the GS domain of Tgfbr1. 7 This activates the Type I serine/threonine kinase and allows downstream targets to transduce the signal to the nucleus. 7 The intervertebral disc (IVD) is a fibrocartilaginous joint in the spine. Positioned between two bony vertebral bodies, the IVDs serve mainly to resist axial compression on the spine and to provide a range of motion. [8] [9] [10] The IVD consists of two primary regions, the nucleus pulposus (NP) and the annulus fibrosus (AF). [8] [9] [10] The NP is derived from the notochord and the AF is derived from sclerotome. 11 The NP and AF are composed of collagens and proteoglycans, such as collagens I and II and aggrecan with the NP having very high proteoglycan and water content relative to the AF. [8] [9] [10] The mouse sternum also has a fibrocartilage joint in between each sternebrae, where the sternum and ribs connect called the sternocostal joint (SJ). In humans the sternebrae fuse in young adults to form the body of the sternum; however, this joint is maintained in mice.
Alterations in the expression or function of TGF-β ligands and their receptors have been described in the pathological states of several skeletal tissues, including the axial skeleton. For example, association between a SNP in the TGFB1 gene and spinal osteophytosis and scoliosis have been reported. 12, 13 Alterations in the TGFB3 or TGFBR2 genes are associated with cervical instability and scoliosis observed in Loeys-Dietz Syndrome. [14] [15] [16] Polymorphisms in the TGFB3 or TGFBR2 genes are also associated with ossification of the posterior longitudinal ligament in the spine. 17, 18 In addition, polymorphisms in CILP, an extracellular regulator of TGF-β function, are associated with Lumbar Disc Disease. 13 Previous studies using mouse models have also highlighted the importance of TGF-β signaling in skeletal development and homeostasis. 19 Expression of a truncated, kinase defective Tgfbr2 in mouse skeletal tissue resulted in articular chondrocyte hypertrophy and osteoarthritis of the knee joint. 20 Furthermore, progressive skeletal degeneration was observed in these mice and vertebra of the spine were often misshapen and appeared fused. 20 Targeted conditional deletion of Tgfbr2 embryonically in Col2a1-expressing cells in mice caused more specific skeletal deformities in mice including incomplete development and disorganization of the AF. 21 Few studies have investigated the role of TGF-β signaling in the postnatal growth and maintenance of the IVD. One study conditionally deleted Tgfbr2 using Col2a1 tm1(cre/ERT2) in mice at 2-weeks postnatally by tamoxifen injection. 22 This study reported disrupted columnar structure and loss of chondrocytes within the vertebral growth plates (GPs) as well as defects in the growth and maintenance of the cartilage endplates at 3 months of age. 22 Aged mice were not characterized. These observations warrant further investigation of not only the role of TGF-β ligands and receptors during postnatal development, but also their role in maintaining the IVD.
In this study, we use Acan tm1(cre/ERT2)Crm to delete Tgfbr2 in the axial skeleton. Cre was activated by tamoxifen injection when the mice were 2-weeks of age. Cre activity was detected using an mTmG reporter. Activity was detected in GP and iAF, similar to what was previously observed using Col2a1 tm1(cre/ERT2) -mediated deletion. 22 In contrast, activation of Acan tm1(cre/ERT2)Crm was also observed in the endplates and in the NP. Deletion of Tgfbr2 in Acan tm1(cre/ERT2)Crm expressing cells resulted in discontinuous and disorganized GP, similar to that observed in the Col2a1 tm1(cre/ERT2) Tgfbr2-deleted mice. However, aged Acan tm1(cre/ERT2)Crm ; Tgfbr2 LoxP/LoxP mice demonstrated inappropriate hypertrophic differentiation at the junction of the iAF, endplate and GP, that likely resulted in bony bridges that were detected in skeletal preparations and X-ray images. A delay in the formation of the bony endplate was also seen. In addition, matrix changes were observed in the IVD of Acan tm1(cre/ERT2)Crm ; Tgfbr2 LoxP/LoxP mice; proteoglycans were reduced in all regions of the IVD and collagen disorganization was observed in the iAF. Furthermore, joint collapse, proteoglycan loss, and collagen disorganization were observed in fibrocartilaginous joints in the sternum. This study indicates that TGF-β signaling is important for the postnatal development and maintenance of fibrocartilage joints.
| MATERIALS AND METHODS

| Transgenic mouse model
All animal work was approved and carried out in accordance with the guidelines and policies of the University of Alabama at Birmingham Institutional Animal Care and Use Committee. Acan tm1(cre/ERT2)Crm (JAX stock #019148) 23 and Tgfbr2 LoxP/LoxP mice were generated as previously described. 24 Acan tm1(cre/ERT2)Crm mice were mated to Tgfbr2 LoxP/LoxP mice to generate Acan tm1(cre/ERT2) Crm ;Tgfbr2 WT/LoxP mice. Acan tm1(cre/ERT2)Crm ;Tgfbr2 WT/LoxP mice were then crossed with Tgfbr2 LoxP/LoxP mice to generate Acan tm1(cre/ERT2)Crm ;
Tgfbr2 LoxP/LoxP mice (denoted as cKO in this article) which were the mice utilized as the experimental group. Tgfbr2 LoxP/LoxP or Tgfbr2 WT/LoxP mice were utilized as the control group (denoted as CTL in this article).
Both Acan tm1(cre/ERT2)Crm and Tgfbr2 LoxP/LoxP strains are in the C57BL/6 background.
The genotype of transgenic mice was determined by polymerase chain reaction (PCR) analysis of DNA isolated from mouse tail tissue.
DNA was released from tail tissue using Proteinase K digestion and then isolated using phenol/chloroform extraction. PCR was performed on the Cre transgene using the following primers: Cre5 0 (TGC TCT GTC CGT TTG CCG) and Cre3 0 (ACT GTG TCC AGA CCA GGC).
Three primers were used to detect the presence and deletion of Tgfbr2 exon 2. The loxP allele was identified using the following primers: 8w-a (TAA ACA AGG TCC GGA GCC CA) and LA-loxP (ACT TCT GCA AGA GGT CCC CT). Two bands were detected using these primers. One band represents the wild-type allele (420 bp) and the other represents the loxP (flox) allele (540 bp). The presence of both bands indicated that a mouse is heterozygous for the loxP allele. In order to confirm whether recombination and deletion of Tgfbr2 exon 2 (loss of the floxed allele) had occurred, the following primers were used: CldelR (AGA GTG AAG CCG TGG TAG GT). Successful recombination and loss of Tgfbr2 exon 2 was confirmed by the presence of a 610 bp band. mTmG mice were genotyped using three separate primers: Wild-type Forward (CTC TGC TGC CTC CTG GCT TCT), Wild-type Reverse (CGA GGC GGA TCA CAA GCA ATA), and Mutant reverse (TCA ATG GGC GGG GGT CGT T). These primers detect two bands, a 330 bp band and a 250 bp band. The presence of the 330 bp band indicated a wild-type mouse with no tomato reporter gene expression. Mice that expressed the tomato reporter gene insert had either the 250 bp band alone (homozygous) or both the 330 and 250 bp bands together (heterozygous). Only one allele is required to observe ubiquitous tomato reporter gene expression. Genomic DNA was amplified for 30 cycles of denaturation at 94 C for 30 seconds, annealing at 55 C for 40 seconds, and elongation at 72 C for 40 seconds. Reactions were performed in a reaction buffer containing Cre recombination efficiency was calculated by counting the number of Cre-positive (GFP) and Tomato-positive (RFP) cells in the NP, iAF, oAF, GP, and CEP regions. Within each individual region, GFP and RFP cell numbers were added together (total cell number) and the GFP number was divided by the total number of cells and multiplied by 100 to obtain a percentage. Cell counts were averaged for each region from each of three different mice (Cre-positive progeny from Acan tm(IRES-creERT2)/+ ;mTmG +/− crosses) and counted from a single section from each mouse.
| Radiographic imaging
One-year old mice (control n = 7, cKO n = 5) were anesthetized using a table-top isoflurane anesthesia vaporizer machine. Mice were subjected to a mixture of oxygen (flow rate of 500 mL per minute) and 3% isoflurane for 10 to 15 minutes until they were sedated. Dorsolateral X-rays of the spine were performed on a Faxitron MX-20-DC4 (Tuscon, AZ) small animal X-ray machine managed by the Small Animal Phenotyping Core at UAB. Images were processed using the Specimen System software (Tuscon, AZ).
| Skeletal preparations
Skeletal preparations were performed as described previously. 26 
| Tissue preparation
Rib cages and spines were dissected from 3-month, 6-month, and 1-year old mice (control n = 3 and cKO n = 3 within each tissue and each age group, n = biological replicates meaning sections from individual mice). All incubations in the tissue preparation procedure were performed with end-over-end agitation at 4 C. Skeletal organs were fixed in 4% paraformaldehyde overnight. Subsequently, organs were dehydrated in separate overnight washes of 70%, 80%, 95%, and 100% ethanol. This was followed by overnight incubations in xylene at room temperature, paraffin wax:xylene (50:50) at 60 C, and paraffin wax alone at 60 C. Skeletal organs were embedded in paraffin wax using a plastic mold and allowed to harden at room temperature.
Paraffin blocks were sectioned using a Reichert-Jung 2030 biocut microtome (Depew, NY) and 6-μm thick sections were captured on glass slides. Slides were warmed on heaters at 50 C for 1 hour to flatten tissue sections. Slides were stored at 4 C until staining and analysis.
| H&E staining
Tissue slides were deparaffinized in two washes of xylene for 5 minutes each and rehydrated in two washes of both 100% ethanol and 90% ethanol for 3 minutes each. Following a 3 minute rinse in distilled water, slides were placed in Harris modified hematoxylin solution (SH26, Fisher Chemical, Hampton, NH) for 2 minutes. Slides were then rinsed in tap water, dipped in 70% ethanol containing 0.25% HCl, rinsed in tap water once again, and immersed in Eosin Y solution (HT110132, Sigma-Aldrich, St. Louis, MO) for 3 minutes. Slides were rehydrated with two 3 minute washes each of 90% and 100% ethanol and two final 5 minute washes of xylene. Slides were mounted with three to five drops of Cytoseal-60 (ref#8310-4, Thermo Scientific, Waltham, MA), a resin-based mounting medium, and sealed with coverslips. Slides were imaged on an Olympus BX51 microscope and images were processed using cellSens Standard imaging software.
| Safranin-O staining
Slides were deparaffinized and rehydrated in two washes of xylene for 5 minutes each, two washes of 100% ethanol for 2 minutes each, and one wash of 90% ethanol for 2 minutes. After a rinse with distilled water, slides were immersed in 0.05% Fast Green FCF solution (F7259, Sigma-Aldrich, St. Louis, MO) for 5 minutes. This was followed by a rinse in 1% acetic acid solution. Slides were immersed in 0.1% Safranin-O solution (S8884, Sigma-Aldrich, St. Louis, MO) and then dehydrated in two washes each of 90% ethanol, 100% ethanol, and xylene for 2 minutes each. Slides were mounted and imaged as described in the previous section.
| Picrosirius red staining
Slides were deparaffinized and rehydrated with two washes of xylene for 5 minutes each and two washes of 100%, 90%, 80%, and 70% ethanol for 3 minutes each. Slides were directly immersed in a 500 mL saturated aqueous solution of picric acid (SP9200, Fisher Scientific Hampton, NH) containing 0.5 g of Sirius Red F3B (Direct Red 80) (26-10-8, Sigma-Aldrich, St. Louis, MO) for 1 hour. This was followed by two washes in acidified water (5 mL of acetic acid in 1 L of water) for 5 minutes each. Water was then removed from all slides by vigorous shaking and blotting with tissue paper. Slides were dehydrated in three changes of 100% ethanol. Tissue specimens were mounted on slides using resinous mounting media and glass coverslips. Specimens were viewed under polarized light using an Olympus BX51 microscope with two separate attachments: a transmitted light analyzer (U-ANT, 3812700, Olympus, Japan) and a drop-in polarizer (U-POT, 3812600, Olympus, Japan). Images were processed using cellSens Standard imaging software.
| Immunohistochemistry
Tissue slides were deparaffinized in two changes of xylene for 5 minutes each. Slides were rehydrated in two washes of 100% ethanol for 3 minutes each and one wash of 95% ethanol for 3 minutes. Endogenous peroxidase activity was blocked by washing slides in 3% hydrogen peroxide in methanol for 10 minutes. For Col10 staining, after two 5 minute washes in phosphate buffered saline (PBS), enzymatic antigen retrieval was performed on all tissue slides with Proteinase K solution.
Tissue slides were incubated in 0.2 mg/mL proteinase K solution (buffer contents: 2 M Tris pH 8.0, 0.5 M Ethylenediaminetetraacetic acid (EDTA) pH 8.0, 10% Sodium dodecyl sulfate (SDS), and 5 M NaCl) at room temperature for 10 minutes. For, Acan staining antigen retrieval was performed with citrate buffer. Sections were covered in citrate buffer (10 mM citric acid, 2 mM EDTA 0.05% Tween-20; pH 6.2) and microwaved for 1 minute 30 seconds at 50% power. This heating procedure was repeated four times with 30 second intermissions. This was followed by two 5 minutes washes in PBS. Tissue sections were incubated for 1 hour at room temperature in a blocking solution containing was diluted to a 1:1000 concentration in 1% BSA, Acan antibody (Millipore, CAT# AB1031, Burlington, MA) was diluted to a 1:100 concentration and placed on tissue sections in a humidified chamber. Tissue sections were incubated in primary antibody overnight at 4 C. After three washes for 5 minutes each of TBS-T, tissue sections were incubated in a goat anti-rabbit HRP-linked secondary antibody (sc-2030, Santa Cruz Biotechnology, Dallas, TX) diluted to a 1:1000 concentration in 1% BSA solution. After 1 hour at room temperature, three times for 5 minutes each were performed with TBS-T. Tissue sections were exposed using an ImmPACT DAB kit (sk-4105, Vector Laboratories, Burlingame, CA) and then washed three times for 5 minutes each with distilled water. Slides were dehydrated in 95% and 100% ethanol and then cleared in two washes of xylene for 5 minutes each. Slides were mounted with a resinous mounting medium and sealed with coverslips as described in the 'H&E staining' section. Imaging was performed as described in the 'H&E staining' section. 
| Cre recombination occurs in Acan tm(IRES-creERT2)expressing cells of the IVD and sternal joints
Cre activity has not previously been characterized in axial skeleton of Acan tm(IRES-creERT2)/− mice. To determine which cell types were potentially affected by deletion of Tgfbr2 in these mice, we characterized Cre activity in the axial skeleton using an mTmG reporter. Acan tm(IRES-creERT2)/− mice were crossed to mTmG +/− reporter mice and Cre activity was induced with tamoxifen at 2-weeks of age then the mice were aged to 1 month.
Skeletal tissues of Acan tm(IRES-creERT2)/− ;mTmG +/− mice were characterized by fluorescent microscopy to identify where Cre recombinase was active.
In this reporter strain, cells in which Cre recombination occurs fluoresce green (GFP), otherwise cells fluoresce red (RFP). Cre recombination occurred within the IVD in several regions. Recombination efficiency was calculated as the percentage of cells expressing the GFP marker for each tissue ( Table 1) . Cre activity was detected within the NP, inner AF (iAF), the cartilaginous endplate (CEP), and the GP (Figure 2A,B) . Less recombination occurred in the outer AF (oAF) or adjacent spinal ligaments (Figure 2A,B ). This is in agreement with previous observations that Aggrecan is not expressed or expressed at very low levels in the ligaments and oAF. 27, 28 Immunohistochemistry of Acan core protein indicated extensive overlap in tissues with Cre activity ( Figure 2C ). Furthermore, Cre activity was detected within the sternum and ribs of Acan tm(IRES-creERT2)/− ; mTmG +/− mice. More specifically, recombination occurred in the SJ, sternal GPs, and costal cartilage (CC) ( Figure 2D ). To confirm the efficacy of Cre activation by tamoxifen injection, the knee joint, another cartiaginous tissue abundant in aggrecan, was analyzed ( Figure 2E ). Cre expression was detected within the articular cartilage (AC) and the meniscus (MS) of the knee joint ( Figure 2E ).
Not only was Cre activity detected in these tissues using the fluorescent reporter, but Tgfbr2 exon2 was deleted. DNA was isolated from 1-year old IVD and sternum from wild type and Acan tm(IRES-creERT2)/− ; Tgfbr2 LoxP/LoxP mice. Cre primers that recognize the Cre transgene were used to detect the presence or absence of Cre DNA. For Tgfbr2, three primers were used to detect the presence or absence of wild type, Tgfbr2 Cre recombination within various tissues as indicated in Table 1 . Specifically, Cre recombination does not occur in some cells, therefore deletion of Tgfbr2 exon 2 will not occur leaving the LoxP allele in those cells. This can also explain the difference in the level of deletion between the IVD samples and the sternum samples. Nonetheless, wild-type tissues only showed the presence of the WT band and did not contain Cre DNA ( Figure 2F ). Cre transgene was evident in all cKO samples ( Figure 2F ).
| IVD structure is disrupted in cKO mice
Previous studies have demonstrated that TGF-β signaling is critical for the proper embryonic development of the IVD. 20, 21, 30, 31 Embryonic deletion of Tgfbr2 in collagen II-expressing cells caused incomplete development of the IVD. 21 To characterize the effects of loss of Tgfbr2 on postnatal IVD, paraffin-embedded sections of 3-, 6-, and 12-month-old lumbar spines from mice that were treated with tamoxifen at 2-weeks were stained with hematoxylin and eosin (H&E) (Figures 3 and 4) . In 3-month cKO IVDs, some phenotypic changes were evident. The most notable was that the GP was disorganized and discontinuous in the mutants, whereas the GP in the controls was straight and ran across the entire width of the vertebrae (Figure 3D,E) . In addition, the cells within the mutant GP were not aligned into columns and formed clusters in some places ( Figure 3E , black arrows). Control mice demonstrated both cartilaginous and bony endplates in between the GP and the annulus of the IVD; however, bony endplates were not detected in mutant mice ( Figure 3B,C) . By 6 months of age, the GP in the Tgfbr2 cKO mice was highly disorganized and discontinuous ( Figure 3J, black arrows) . Most of the endplates in the control mice were bony while the end plates in mutant mice were still cartilaginous ( Figure 3F ). The iAF in control mice had a lamellar structure that appeared fibrous with small elongated cells ( Figure 3G ). In contrast, the cells within the iAF in the mutant mice were round the tissue and the fibrous or lamellar organization of the tissue was not clear ( Figure 3H ). In addition, the lateral junction of the iAF, end plate and GP contained clusters of disorganized round cells embedded in matrix resembling hyaline cartilage ( Figure 3H, black arrow) and suggestive of endochondral bone formation. At 12-months of age, similar phenotypic changes were observed as at 6 months ( Figure 4A ); disorganized and discontinuous GPs ( Figures 4E yellow arrows) , delay in the formation of the bony endplate ( Figure 4D , black arrow), round cells in the iAF and tissue without sharp lamellar structure ( Figure 4D, red arrow) .
To further characterize the phenotype of these cells and test the hypothesis that inappropriate hypertrophic differentiation at the junction Collagen Type X staining was also observed in the cells of the iAF in cKO mice whereas staining was not seen in iAF from CTL mice ( Figure 5A ).
Morphological changes in the IVD were also accompanied by changes in proteoglycans in the ECM. Safranin-O staining revealed proteoglycan loss in the NP, iAF, and CEP, of cKO IVDs ( Figure 5B ).
Furthermore, changes in the collagen architecture were detected in cKO IVDs via picrosirius red staining followed by polarized light microscopy ( Figure 5C ). Collagen architecture within and between individual lamella can be assessed using this technique. Microscopy was interpreted by analyzing birefringent intensity and the hue of birefringence in various regions of sections from the IVD of CTL and cKO mice. 32 The birefringent intensity is indicative of the degree of alignment of collagen fibers in a specimen (higher intensity is more aligned). 32 The hue of birefringence is indicative of the direction of alignment (similarly colored fibers are oriented in the same direction). 32 In healthy iAF, collagen fibers within a single lamella are oriented parallel to each other 33 (high birefringent intensity). However, the direction of collagen fibers alternates from one fiber to the next within the AF 33 (the hue of birefringence alternates between green and orange). Overall, collagen lamellae in the iAF of cKO mice were thinner than CTL mice ( Figure 5D , white brackets). Alternating yellow and green hues of birefringence indicative of alternating collagen fiber directions within lamellae were not observed in cKO mice ( Figure 5C, cKO image) . Within the CEP of cKO mice, the basket-weave collagen architecture that was observed in CTL mice also was altered ( Figure 5E , white and yellow arrows). Major alterations in the outer AF collagen architecture were not observed in cKO AF tissue ( Figure 5F ). This is most likely due to the fact that very little Cre recombination occurred in the oAF. 
| Deletion of Tgfbr2 in Acan tm(IRES-creERT2)expressing cells causes phenotypic changes in the sternum
After seeing ectopic calcification in the sternum of cKO mice via skeletal preparations, further study of the sternum and ribs was performed. The SJ is a fibrocartilaginous joint located between each sternal segment (sternebrae), where CC and the sternum meet. One such joint is labeled in Figure 6A (upper left image). This joint is similar to the IVD in that it contains fibrocartilage between two bony elements (sternebrae or vertebrae). The sternebrae also have GPs on each end ( Figure 6A ). Functionally, it allows for gliding movements which aid in the flexibility of the rib cage. The part of the joint separating the sternebrae is maintained in mice but not in humans, where it fuses in early adulthood. Ribs and sternums from CTL and cKO mice were paraffin-embedded, sectioned coronally, and stained with H&E, Safranin-O, and picrosirius red followed by polarized light microscopy.
Initially, slides were stained with H&E to investigate any changes in tissue morphology within the sternum. SJ collapse was observed in cKO mice resulting in a loss of joint space ( Figure 6A , black bars in high magnification images on the right). Furthermore, the joint space was filled with tissue that histologically resembled bone ( Figure 6A , black asterisks). In CTL mice, the GP contains chondrocytes organized in a columnar fashion. In contrast, in cKO mice, the GP was disorganized and discontinuous, similar to what was observed in the vertebral GPs. In some areas the GP was not present ( Figure 6A ). In addition to changes in tissue morphology, alterations in components of the ECM such as proteoglycans and collagen were also observed. Loss of proteoglycans as determined with Safranin O staining was observed in the remnants of the SJ of cKO mice ( Figure 6B, black arrows) . In addition, collagen fiber organization and orientation were greatly affected in cKO mice. Collagen fibers in WT mice within the SJ had a highly organized basket-weave appearance ( Figure 6C , yellow arrow). This organization was lost in cKO mice and collagen fibers appeared to have no specific orientation ( Figure 6C , white boxed regions, insets D and E in both images). The similarity in the phenotype between the fibrocartilage of the IVD and SJ suggests that TGF-β signaling in Acanexpressing cells is required for the development and maintenance of these types of fibrocartilage joints.
| DISCUSSION
In the present study, we demonstrate that conditional deletion of Instead, the CEP was maintained and there was a delay in the transition to a bony endplate as the mice aged. Anatomically, in mice, a small secondary ossification center starts in the ventral-caudal aspect of the CEP. 34 The secondary ossification center spreads across the CEP to transition it to a bony endplate. In this study we observed CEP transitioning to bony endplate as early as 3 months of age with most of the endplates being bony by 12 months of age in control mice.
cKO mice retained most of their CEPs even up to 12 months of age.
The mechanisms of this observation are not clear and seem contradictory to TGF-β's role in inhibiting endochondral bone formation seen in other tissues presented here and elsewhere. 20, 21, 29, 31, 35 It is possible that without Tgfbr2 the organization of the secondary ossification center was disrupted so that it did not spread laterally across the CEP and instead contributed to the bony bridges observed in the X-rays and skeletal preparations.
Homeostasis of the ECM was also greatly affected by the deletion of Tgfbr2 in Acan tm(IRES-creERT2)/− ; Tgfbr2 LoxP/LoxP mice. Reduced proteoglycan staining and collagen disorganization observed in IVD could be due to alterations in matrix deposition due to attenuated TGF-β signaling. TGF-β has previously been shown to regulate the expression of proteoglycans and collagens within articular chondrocytes and IVD cells. [36] [37] [38] [39] [40] Conversely, it is possible that attenuation of TGF-β signaling leads to cells shifting to a catabolic state. 
